Abstract: Controlling the size of the oligomer and introducing functional groups at the ends of the oligomer that allow it to react with separate electrodes are critical issues when preparing materials for molecular wires. We demonstrate a general synthetic approach to oligophenylenevinylene (OPV) derivative molecules with a molecular length up to 9-10 nm which allow for the introduction of aromatic thioacetate functionality in fully conjugated oligomer systems. Oligomers containing 3-15 phenyl units were synthesized by step wise Horner-Wadsworth-Emmons (HWE) reactions of a bifunctional OPV-monomer, which demonstrated good control of the size of the OPVs. Workup after each reaction step ensures a high purity of the final products. End group functionalization was introduced as a last step.
Introduction
In recent years, many efforts have been made in order to produce molecular wires, with the prospect of creating nanoelectronics and of better understanding what happens at the molecular level in conductive processes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Most of these previous studies have focused on preparation and examination of relatively small molecules (<3-4 nm), but such molecules have limited applications because of their relatively small size. Others have prepared really large molecules from a solid support by step wise elongation, but as very few chemical reactions proceed in quantitative yield the use of a
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solid support is a problematic pathway for achieving a narrow size distribution, as workup between the steps is not possible. As an illustration, a reaction running at 90% yield (which is normally considered a good yield for a reaction) over 10 steps potentially only contains 0.9 10 = 35% of the right compound.
Three of the major challenges in the preparation of large monodisperse wires are: First, complete control of the size of the oligomer in order to obtain a pure monodisperse size distribution. In order to obtain this, one must either operate with chemical reactions that proceed in quantitative yields with no byproducts, or a purification step must be included after each step. Unfortunately none of the known quantitative reactions such as ‗Click'-reactions or ‗Living Polymerization' reactions such as atom transfer radical polymerization (ATRP) or Anionic Polymerization leads to the conjugated system needed in a molecular wire, leaving workup as the only option for obtaining monodispersity. Second, choosing a design of the side chains that will make it possible to both prepare and later dissolve the oligomer. The side chains are essential for keeping the molecules in solution, and thus enabling chemical reactions. It should be emphasized that large molecules generally always requires high dilution which in some cases can render otherwise standard reactions impossible. Third, the introduction of functional groups at the ends of the wire that allows for connecting the molecules to a circuit. Depending on the desired functionality, one has to carefully consider whether this group should be introduced from the start, which requires that the functionality can sustain the reaction conditions of the oligomerization, or whether the introduction should instead be performed as a last step, associated with the potential difficulties in performing chemistry on very large molecules. Due to the excellent binding of sulfur to gold, thiol linkers in conjugation with gold have been used almost exclusively in previous reports, but there should in principle be many other possible substrate materials such as semiconducting oxides (i.e., TiO 2 , ZnO) where carboxylic acids, alcohols and phenols have a high affinity.
We have previously reported the synthetic approach of up to 12 nm long oligophenylenevinylene (OPV) derivatives (19 phenyls) using step wise Horner-Wadsworth-Emmons (HWE) condensation [16] . Others have reported the synthesis of OPV's of varying size (4-11 phenyls) using the HWE condensation-both unidirectional [17] [18] [19] [20] [21] [22] [23] and bidirectional [24, 25] -but none as large as these. Final group functionalities were introduced as a last step and successful attachment of thioacetate functionalized oligomers to separate gold electrodes over a 9 nm nanogap was achieved. The thioacetate moiety was introduced to short non-conjugated linkers attached to each end of the molecule (compound 14 in Figure 1) . One of the reasons for introducing the gold attaching thioacetate functionality on a non-conjugated linker was the wish to prepare very long wires. The use of ethylhexyloxy (EHO) side chains had previously been shown to provide excellent results, as the solubility was largely improved compared to other side chains [17] , but this choice of side chain rendered the only known procedure of introduction of an aromatic thioacetate as a last step impossible, as it involves the cleavage of aromatic tert-butyl thio ethers (Ar-S-C(CH 3 ) 3 ) using BBr 3 as a deprotecting reagent [26] , i.e., a procedure which will cleave the ether bond of the EHO side chains. Other options for thiol precursors that could potentially be inserted as an initial step, such as thiol itself (-SH) or methyl protected thiol (-SMe), were discarded: the former because of the tendency of thiols to dimerize under formation of a -S-S-bond and the latter because tests showed a much lower reactivity with gold than the thioacetate. Here we report the synthesis of large OPV's up to ~10 nm (15 benzene rings) that allow for introduction of an aromatic thioacetate functionalization with the potential to create a fully conjugated wire if attached to separate electrodes ( Figure 1 ). Figure 1 . left: Chemical structure of previously reported oligomer 14 containing an aliphatic thioacetate functionality which allows for attachment between two separate gold electrodes, allowing it to function as a molecular wire [16] . As the thioacetate functionality is not in direct contact with the conjugate oligomer, the transport of electrons between the oligomer and the gold electrodes of electrons has to happen through tunneling. right: A newly synthesized oligomer 13 containing an aromatic thioacetate functionality which has the potential to create a fully conjugated organic system between two gold electrodes by creation of a Ar-S-Au bond.
Results and Discussion
The oligomers were prepared by sequential HWE condensations using three building blocks as shown in Figure 2 . The main building block, compound 1, is a modification of the one used for the previously reported oligomer in Figure 1 , in which the EHO side chains have been replaced with n-octyl. The prediction was that this would lead to a decrease in solubility compared to the original oligomers, but that it would simultaneously allow for the transformation of aromatic tert-butyl thio ethers into the corresponding thioacetate, by use of BBr 3 in the presence of acetyl chloride, without cleavage of the side chains. The synthesis of compound 1 and 2 is outlined in Scheme 1. Initial reaction of 4-(chloromethyl)styrene with triethyl phosphite yielded compound 4, which is very unstable and has to be stored in the freezer if not used immediately. This was then reacted in a Heck coupling with 4-bromo-2,5-dioctylbenzaldehyde (5), which was synthesized as previously described [27] , followed by protection of the aldehyde. The instability of compound 4 is reflected in the Heck-reaction, where up to 51% of the bromo starting compound was recollected, which is probably due to polymerization of the vinyl-groups of compound 4. Compound 2, which carries the initial end-group functionality, was prepared in good yield over two steps by first reacting 4-bromothiophenol and tert-butyl chloride in the presence of AlCl 3 to give compound 6 followed by the conversion of the bromide into an aldehyde group by reaction first with n-butyl lithium and then DMF. Compound 3 was prepared as previously described [16] .
After coupling compound 1 and 2 in order to functionalize the oligomer, step wise elongation using HWE condensation was then performed, resulting in oligomer ‗arms' (compound 7, 8, 9 and 11) carrying two different end groups as shown in Scheme 2. The largest of these were then coupled with diphosphonate ester 3, providing a symmetric polymer with a doubling of the length of the molecule in one reaction (Scheme 2). Workup was performed after each step, using gradient silica chromatography and forced precipitation after each step, and the purity was controlled by NMR and size exclusion chromatography (SEC, see supporting information). Compared to previous results using this method of purification, the method seemed somewhat less efficient. This is ascribed to two main properties: higher hydrophobicity and lower solubility of the materials. Due to the more hydrophobic character of the oligomers, separation by gradient column chromatography was shown to be less efficient as the gradient could not be varied to the same extend as for the previous reported oligomers. Furthermore, because of the lower solubility, great care had to be taken in order to prevent precipitation of the larger bifunctional oligomers on the column. The larger symmetric oligomer 10 proved too insoluble for column chromatography, and the largest oligomer 12 was practically insoluble in all solvents. These results really show the difference in solubility for an oligomer carrying EHO side chains compared to n-octyl. Where no problems were encountered in the chromatographic workup of even the largest oligomer (19 phenyls) carrying the EHO, the replacement with n-octyl led to highly reduced solubility at 15 phenyl groups and to insolubility in all ordinary solvents at 19 phenyls.
Scheme 2.
Reaction steps in the preparation of the oligomers. The synthesis of the -arms‖ of the molecule starts with the introduction of the termination group followed by growth of the arm and final doubling of the size of the molecule by attaching two -arms‖ to a core molecule, which in this work is a simple benzene ring.
This reduced solubility also played a key role in the preparation of the corresponding aromatic thioacetate of oligomer 10. Due to the heavily reduced solubility, it was impossible to carry out the transformation under the conditions reported for this reaction (see Scheme 3). Dilution of a magnitude of 100-300 times compared to the original description was necessary and a large excess of BBr 3 (~230 times more) and AcOEt (~80-150 times more) compared to the original report was required in order to obtain the thioacetate. Many experiments were necessary in order to find these realationships, and the final procedure involved running the reaction in deutorated dichlorobenzene with several additions of BBr 3 and AcCl in order to follow the reaction by NMR to find the conditions required. These findings are additional proof that reaction conditions, when performed on very large molecules, can sometimes deviate enormously from standard conditions. A final yield of ‗107%' in the last reaction is ascribed to the difficulty of weighing a very small amount of compound, and is probably due to a change in air humidity or a small amount of residual solvent (C 6 H 4 Cl 2 ).
All attempts to do further chemistry on compound 12 proved impossible because of the lack of solubility. Comparing the synthetic pathway and the resulting properties of the two oligomers in Figure 1 clearly demonstrate the importance of careful consideration when choosing which side chains to use. Although similar in structure, the oligomers have very different solubilities, and they also have different restrictions to what chemistry can be performed in order to carry out end group functionalization. Where the ethylhexyloxy containing OPVs are so soluble that column chromatography can be performed even with very large molecules (19 phenyls), the n-octyl containing OPVs start showing problems of precipitation on the column even in the preparation of the ‗arms' of (up to 9 phenyls). On the other hand, the latter can sustain chemical conditions that would destroy the former, making it possible to produce an aromatic thioacetate functionalized oligomer.
Experimental Section

General
All solvents used were HPLC grade. Purification by column chromatography was performed by conventional gradient dry column vacuum chromatography [28] or ‗flash' column chromatography using Merck Silica Gel 60 (15-40 µm) (column height 5-7 cm) and suction to drive the mobile phase.
Size exclusion chromatography (SEC) was performed in chloroform using either of two preparative Knauer systems employing two gel columns in succession with respective pore diameters of 10 4 Å and 10 6 Å. The gel columns had dimensions of 25 mmØ × 600 mm.
Synthesis
p-xylylene-bis-phosphonic acid tetraethyl ester (3): was prepared as previously described [16] .
4-bromo-2,5-dioctylbenzaldehyde (5):
was synthesized according to a previously described procedure [27] .
Diethyl 4-vinylbenzylphosphonate (4): 4-(chloromethyl)styrene (115.3 g, 680 mmol) and sodium iodide (102 g, 680 mmol) in acetonitrile (600 mL) under argon was heated to around boiling after which triethyl phosphite (143 mL, 817 mmol) was added in small portions in a manner such that the solution was boiling the whole time. After addition, the mixture was left at reflux for an additional 0.5 h, after which a mixture of ice and water (500 mL) was added, followed by extraction with ether (4 × 100 mL). After removal of the solvent in vacuo the resulting oil was redissolved in ether (400 mL) and washed with water (4 × 60 mL) and brine (60 mL). The organic phase was then dried over MgSO 4 , followed by evaporation of the solvent. The resulting crude oil (190 g) was distilled at oil pump pressure (134.5 g). The product is unstable and must be kept in a freezer. The product was used in the next step without further purification. was added and the reaction mixture was heated to reflux (turns dark) and left for 17 h. The solvent was then removed from the now greenish mixture, followed by dilution in ether (300 mL). The organic phase was washed with aqueous HCl (2 M, 2 × 125 mL), water (2 × 125 mL) and brine (200 mL). After drying over MgSO 4 , the solvent was removed in vacuo and the crude product was purified by gradient silica column chromatography (heptane/AcOEt, 10% steps). This separation yielded the Bromo-starting compound (21.63 g, 51%) and the initial aldehyde (22.6 g, 37%). This aldehyde was then transformed into the corresponding acetal by reaction with 2,2-dimethylpropane-1,3-diol (4.2 g, 40.3 mmol) in toluene (150 mL) under reflux for 1 hour using a Dean-Stark. The cooled mixture was washed with saturated Na 2 CO 3 (50 mL), water (2 × 50 mL) and brine (50 mL). After drying over MgSO 4 , removal of the solvent in vacuo yielded the desired protected acetal (26.0 g, 29% over 3 steps from 4-(chloromethyl)styrene). 1 
(4-bromophenyl)tert-butylthioether (6):
A mixture of 4-bromothiophenol (10.0 g, 52.9 mmol) in tert-butyl chloride (25 mL, 52.9 mmol) was placed under argon, after which aluminum trichloride (0.35 g, 2.62 mmol) was added in portions followed by heating until HCl-gas started to form (the gas was neutralized by leading it through a NaOH solution). The reaction was followed by TLC until no more starting compound was present. During the reaction, additional aluminum trichloride (0.35 g, 2.62 mmol) was added portion wise in order to keep the reaction running. After reaction end, water (50 mL) was added and the mixture was extracted with pentane (3 × 40 mL). The collected organic phases were washed with water (3 × 25 mL) and brine (25 mL). After drying over MgSO 4 , the solvent was removed in vacuo and the resulting slightly yellowish oil (crude 12.45 g) was micro-distilled to obtain the pure product as a clear oil (11.5 g, 89%) . 1 (2): (4-bromophenyl)(tert-butyl)sulfane (10.5 g, 42.8 mmol) was added drop wise to a solution of n-BuLi (28 mL, 44.8 mmol) in anhydrous THF (45 mL) cooled to −40 °C causing precipitation to occur. The temperature was then lowered to −78 °C for 20 min after which anhydrous DMF (9 mL, 116 mmol) was added. Cooling was removed and the mixture was allowed to reach RT where it was stirred for an additional 0.5 h. Water was added and the mixture was extracted with hexane. The combined organic phases were washed with water and brine before drying over MgSO 4 and removal of the solvent. The slightly yellow crude oil (8.37 g) was purified by kugelrohr distillation (approx 120 °C) to yield a clear oil (8.12 g, 93%). 
4-(tert-butylthio)benzaldehyde
4-((E)-4-((E)-4-(tert-butylthio)styryl)styryl)-2,5-dioctylbenzaldehyde (7):
Compound 1 (5.37 g, 8.03 mmol) and compound 2 (1.80 g, 9.26 mmol) in THF (80 mL) were cooled on an acetone/dry ice bath after which potassium tert-butoxide (2.50 g, 22.3 mmol) was added followed by removal from the cold and stirring at RT for 1 hour. The reaction mixture was then recooled followed by addition of THF (100 mL) and a premixed blend of H 2 SO 4 :H 2 O (100 mL, 9:1) in THF (100 mL). The reaction was then allowed to reach RT followed by heating to 40 °C for 1 hour. The mixture was then extracted with ether (4 × 100 mL), which was washed with water (3 × 100 mL), saturated NaHCO 3 (100 mL) and brine (100 mL). Evaporation of the solvent after drying over MgSO 4 yielded a crude (5.60 g) which was purified by flash chromatography (heptane:CHCl 3 , 1:1) yielding the pure compound (4.67 g, 93%) 1 
4-((E)-4-((E)-4-((E)-4-((E)-4-(tert-butylthio)styryl)styryl)-2,5-dioctylstyryl)styryl)-2,5-dioctylbenzaldehyde (8):
Compound 7 (4,6 g, 7,38 mmol) and compound 1 (5.81 g, 8.69 mmol) in dry THF (100 mL) under argon were cooled on acetone/dry ice. Potassium tert-butoxide (2.54 g, 22.6 mmol) was added and the reaction was removed from the cold (turned dark red) and was left stirring while being monitored by TLC for approximately 1 hour. THF was then added and the mixture cooled on acetone/dry ice followed by slow addition of a premixed solution of H 2 SO 4 :H 2 O (60 mL, 9/1) in THF (60 mL). The mixture was allowed to reach RT followed by heating to 40 °C for 0.5-1 hour while monitoring by TLC. The mixture was extracted with ether, and the collected organic phases were washed with water, saturated NaHCO 3 and brine. Drying over MgSO 4 followed by removal of the solvent in vacuo yielded a dark yellow crude (9.49 g) which was purified by flash chromatography (CHCl 3 :heptane, 60:40) yielding the pure compound as a yellow solid (6.26 g, 81%) . 1 H NMR (500 MHz, CDCl 3 ) δ 10. 24 (s, 1H), 7.74-6.94 (m, 24H), 3.08-2.97 (m, 2H), 2.85-2.70 (m,   6H), 1.74-1.57 (m, 8H), 1.47-1.21 (m, 49H), 0.87 (m, 12H) . 13 
4-((E)-4-((E)-4-((E)-4-((E)-4-((E)-4-((E)-4-(tert-butylthio)styryl)styryl)-2,5-dioctylstyryl)styryl)-2,5-dioctylstyryl)styryl)-2,5-dioctylbenzaldehyde (9):
Compound 8 (5.54 g, 5.27 mmol) and compound 3 (4.11 g, 6.14 mmol) in dry THF (160 mL) under argon were cooled until precipitation started. Potassium tert-butoxide (1.85 g, 16.5 mmol) was added and the reaction was left stirring at RT while being monitored by TLC for approximately 1 hour. A premixed solution of H 2 SO 4 :H 2 O (100 mL, 9/1) in THF (200 mL) was added (which caused precipitation) followed by heating to 40 °C for 0.5-1 hour while monitoring by TLC. The mixture was extracted with ether, and the collected organic phases were washed with water, saturated NaHCO 3 and brine. Drying over MgSO 4 followed by removal of the solvent in vacuo yielded a crude, which showed the presence of approximately 10% acetal. After a coarse workup by flash chromatography, the mixture was redissolved in THF (200 mL), premixed solution of H 2 SO 4 :H 2 O (50 mL, 9/1) in THF (100 mL) was added and the mixture stirred at 40 °C for 1 hour. After workup (extraction with ether, wash with water, saturated NaHCO 3 , brine and drying over MgSO 4 ) the crude product was purified by gradient flash chromatography (CHCl 3 :heptane, 40:60-60:40) yielding the desired compound (5.87 g, 75% Compound 9 (1.50 g, 1.01 mmol) and compound 1 (0.79 g, 1. 18 mmol) were dissolved in THF (120 mL) under argon, after which potassium tert-butoxide (0.346 g, 3.08 mmol) was added and the mixture was left at RT for 1 hour while monitoring by TLC. Deprotection of the acetal was performed by treatment with a cold mixture of H 2 SO 4 :H 2 O (50 mL, 9:1) in THF (100 mL) for 1 hour at 40 °C, followed by extraction with ether, washing of the organic phase with water, saturated NaHCO 3 and brine. Evaporation of the solvent after drying over MgSO 4 gave a crude that still showed the presence of unhydrolyzed acetal on NMR. The crude was therefore redissolved in THF (100 mL) and re-treated with a cold mixture of H 2 SO 4 :H 2 O (50 mL, 9:1) in THF (100 mL). After extraction, washing and drying, the crude was purified by flash chromatography using pure CHCl 3 as eluent as attempts to use a gradient of CHCl 3 :heptane caused precipitation on the column. (Yield: 1.40 g, 72%). 4 Cl 2 (2.0 mL) under argon was heated to 70 °C after which a total amount of tribromoborane (80 µL, 0.080 mmol) and acetyl chloride (30 µL, 0.422 mmol) was added in small portions over the next 24 hours while continuously monitoring by NMR. The reaction mixture was then diluted with C 6 H 4 Cl 2 (20 mL) and the solvent and excess BBr 3 and AcCl was removed in high vacuum. After removal, the crude was redissolved in C 6 H 4 Cl 2 (20 mL) and filtrated before the solvent was removed once more to obtain the final product (1.11 mg, ‗107%'). 
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)
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Conclusions
A chemical approach to prepare large alkyl substituted phenylene vinylene oligomers up to ~10 nm (15 phenyls), which can be end group functionalized with aromatic thioacetates as a final step, was shown. The introduction of a thioacetate onto the conjugated backbone of the oligomer makes this a potential candidate for the preparation of a fully conjugated OPV molecular wire attached directly to two separate gold electrodes. The oligomers were prepared by step wise HWE condensation, using the three building blocks shown in Figure 2 , to create bifunctional ‗arms' that were then reacted with a symmetrical core, creating a symmetrical oligomer and at the same time doubling the size. The thioacetate functionality was introduced as a last step by cleavage of aromatic tertbutylthio ethers, situated at the end of the symmetrical oligomer, with a large excess of BBr 3 in the presence of large excess of acetyl chloride. These reaction conditions differ largely with those previously reported in the respect that high dilution of the oligomer and a large excess of the other reactants was necessaryconditions that are ascribed to the very low solubility of the larger oligomers which makes this otherwise standard reaction very difficult.
The generally low solubility of the oligomers made workup more tedious when compared with previously reported oligomers with more or less identical structures except for the side chains. Where the present oligomers carry n-octyl side chains in order to be resilient to the final aromatic functionalization (treatment with BBr 3 ), the previously reported oligomers carried ethylhexyloxy chains, which are very comparable in size with the n-octyl but involve an ether functionality, which makes treatment with BBr 3 , and thus the aromatic thioacetalization, impossible. These examples demonstrate that one has to carefully select which side chains to choose when preparing larger oligomers.
